
^Eumpaischas'MBntent 
^European^Patsnt Office 



II 



(12) 



(11) 

.EUROPEAN PATENT APPUCATION 

published in acoordance with Art 158(3) EPC 



EP1 118:904A1 



(43) DatBofpubOcafion: 

Btlllstin 2001/30 

(21) AppQcaSon number 90»14855,8 

(22) Date of filing: 28.09.1990 



(51) IntClJ: G02F 1/35 

(86) International applicafion number 
PCT/JP99/0S27B 

(67) tntemaltonal publication number 

WO 00/10268 (08.04^000 Gazette 2000/14) 



(84) Designated Contractino States: 


(72) Inventors: 


AT BE CH CY DEDKE8 Fl FR6B 6RIE rrU LU 


• G0TO,To8hlo 


IICNLPT8E 


NlsshlrwahU Alchl 470-0105 (JP) 


(30) Priority: 29.09.1998 JP 27680496 


♦ NISHIZAWA. Norihiko 


Atautfrtoip l^^-ahlp AieM 488-0062 (JP) 


(71 ) Applicant Japan Sdenco and Tachnotoay 


(74) Representative: 


Corporation 


Hoarden, Chrialopher Andremr et al 


Kawaguchi-ahl, SaHama 332-0012 (JP) 


FORRESIER & BOEHUERT 




Franz-Joseph-StFasae 36 




80801 IMQnchen (DE) 



(54) VARIABLE WAVELENGTH SHORT PULSE UQKT GENERATING DEVICE AND METHOD 



(57) An object ia to provide a oompad apparatus 
and a method fbr generating wavelength-tunabie short 
optica] pulses, which apparatus and method can change 
the wavelength cf generated pulses without adjustment 
of an optical system and enables generstion of ideal 
femtosecond sollton pulses. 

The apparatus includes a shoit-optical-pulse 
source (1), an optical characteriatic regulation unit (2) 
for regulating characterisfiGS of light output from the 



short-optical-pulae source (1), and an optical fiber (3) 
for receiving Input pulses from the optical characteristic 
regulation unit (2) and for changing the wavelength of 
output pulses linearly. Short optical pulses ere input to 
the optical fiber, so that new soliton putees are g^ierat- 
ed in the optical fiber due to Its nonlinear effect Further, 
the nonlinear effect enables the wavelength of the 
sollton pulses to shift linearly in accordance with the In- 
tensity of input light 
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Dwcription 

TCCHNICALRELD 

[0001] The present tnwBfition Telalas to an appall 

pulses, and more particuleriy to an apparatus and method tor generatino wavelength-1unal>la shori optical pulses on 
the Older of femtosecond. 

BACKGROUND ART 

[0002] Untii the present, generation of wavelength-tunable femtosecond optical pulses has been realized by use of 
a dye laser or a solid state laser, hlowever, these lasers are relatively targe apparatuses which require e large number 
of optical elements. Further. In such lasers, precise acflustment of the opttcat system must be perfbnned In order to 
adjust the wavelength of generatBd pulsea and to realize stable operation. Moreover, the variable range of wavelength 
is only about a fiswtens of nanometers, which is not sufficiently wide. 

[0003] Recently, compact short-pulse lasers formed from opOcel fibers have been reaDzed. However, as f^Bfiffs Bd 
In Japanese Patent Application Laid-Open (tote/) No. 10-213B27, conventional technical developments have attached 
importance to a manner of obtaining ahortar optical pulses ata hlgherlntenaityand have failed to change the wavelength 
of output optical pulses.. 

[0004 Beaud et ai found that when short optlcel pulses are Input to en optical fiber, new optical pulses are gen- 
erated on the longer wavelength side [IEEE J. Quentum Electron., QE-23, p193a (1867)}. 

DISCLOSURE OF THE INVENTION 

[0005] However, the paper of P. Beaud ef a/, does not discuss the possibility of changing the wavelength of optical 
pulses. Further, since the authors used an ordinary fiber which is not a polarization-maintaining type, the output varied 
with time, and the obtained spectnjm did not have a neat shape, htoreover. the efficiency of conversion liom Input 
energy to newly generated optical pulses was aa low as about 45%, which is unsatisfactory: 
[0006] Recently, paramefaic conversion using a nonlinear crystal has nscelved a great deal of attention as a technique 
tor conveiaion of wavelength of Dght However, this method requires a very high pump light Intensity. Further, since 
optical elements such as a crystal and mtrrors must be adjusted fri order to change the wavelength, handling of the 
appaiatos la not easy. 

[0007] Anot^eclofthepreseminventioniatosohwtheabove-describedproblemandtoprovideac^^ 
and a method for generefino wevelength-tonable short optical pulses, which apparatus and method can change the 
wavelength of generated pulses without adjustment of an optical system and enables generation of ideal femtosecond 
soliton pulses. 

[0008] To achieve the above object, the present Invention provides the following. 

[1] An apparatus for generating wavelength-tunable short optical pulses, the apparatus comprising: a ahort-optical- 
pulse source; an optical chaFacteristic regulation unit for regulating characteristics of light output from the short- 
optical-putse source; and an optical fiber for receiving Input pulses from the optical characteristic regulation unit 
and for changing the wavelength of output pulses lineaifyi 

[2|An apparatus for generating wavelength-tunable short optical pulses as described in [1] above, wherein the 
optical characteristic regulation unit is a light intensity regulation unit. 

PI An apparatus for generating wavetength-tunable short optical pulses as described in 11] above, wherein the 
short-optical-pulse souroe is a femtosecond fiber laser. 

[4] An apparatus for generating wavelength-tunable short optical pulses as described In [1] above, wherein the 
short-opticaK-pulse souroe Is a picosecond fiber laser. 

[SI An apparatus for generating wavelength-tunable short optical pulses aa described In [1] above, wherein the 
optical fiber Is a polarization-maintaining fiber. 

[6] An apparatus for generating wavelength-tunable short optical pulses as described In [1] above, furtiier com- 
prising a nonlinear crystal connected to the optical fiber in order to generate short optical pulses of a different 
waveiengtii. 

[7]An apparatus for generating wavelength-tunable short optical pulses as described In [1] above, fiirtheroompris- 
ing fournrave mbdng means for Itirther converting the wavelength of generated optical pulsea. 
[8] An apparatus for generating wavelength-tunabte short opficel pulses es described In [1] above, further com- 
prising an optical amplifier for amplifying optical pulses generated by the optical fiber. 
EOJAn apparatus fbr generating wavelength-tunabte short optical puteae aa described in [1] above, wherein the 
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.output pulses^sra kl88i-6oIiton pulses. 

[10] An apparBtus for generalino mvetangth-tunabls short optical pulses as described in [2] above, fuither com- 
prising means for eledrtcaOy Bdjustino the light intensHy regulation unit in order to oontrol the wavelength of gen- 
erated optical pulses. 

[11] An apparatua for generating wavalaigth-lunableahort optical puls^ the apparatus comprising: a ahort-optl- 
cal-pulsa sourue; a light intensity regulation unit lor reguialing the intensity of Qght output from the short-opticBl- 
pulse source; and an opUcai fiber for receiving Input pulses from the Ught Intensity raguiatlan unit and for changing 
the wavelength of output pulses linaaity, wherein the ahort-optical-pulse source, the light intensity regulation unit, 
and the optical fiber are assembled in the Ibim of a portable apparatus. 

[12]An apparatus for generBtIng wavelength-tunabie short optical ptdses as described in [11] above, wherein the 
short-optical-pulse souroe Is a femtosecond fiber laser. 

[13] An apparatus for generating wavelength-tunable short optical pulses as described in [11] above, wherein the 
short-optical-pulsa souroe Is a picosecond fiber laser. 

[14] A method for generating wavetength-turmble short optical pulses, the method comprising: negutatir^ the in- 
tensHy of light from a short-optlcal-puise souroe; and inputting short pulses into en optical fiber in order to generate 
output pulses having a iinearty varied wavelength. 

[15] A method for generating wavelength-tunable short optical pulses as described In [14] above, wherein the 

wavelenglh of generated output putees la changed through a change In the length of the opBcal fiber. 

[IQA method for generating wavetongtMunable short optical pulaea as described In [14] above, wherein the output 

pulses are passed through a nonDnaar crystal In order to generate short opOcal pulses of a dfflierent wavelength. 

[17] A method for generating wavelength-tunable short opficd pulses es described In [14] above, wherein the 

wavelength of generated optical pulses Is fiirther converted by means of four-wave mixing. 

[iq A m^hod for generating wavelength-tunable short optlcai pulses as described in [14] above, wherein optical 

pulses generated by the optical fiber ere amplified by use of en optical arrq^Iifier. 

[19] A method for generating wavelength-tunable short optical pulses as described In [14] above, wherein Ideal 
sdlton pulses are generated as the output pulses. 

[20] A method for generating waveiength-tunable short optical pulses as described In [14] above, wherein the light 
Intensity regulation unit is acQusted electrically In order to control the wavelength of generated optical pulses. 
[21] A method for generating wavelength^unabie short optical pulses as described in [14] above, wherein the pulse 
width, spedral width, and center wavelength of the soiiton putees are varied through changing the waveform and 
spectra] width of the Input pulses. 

[22] A nwthod for generating wavelengtMunable short optical pulses as described In [14] above, wherein the 
wavelenglh and spedrum of the soUton pulses are varied through changing the direction of polarization of the input 
pulses. 

[2^ Amethod forgenerating wavelength-tunable short optical pulses as described In [14] above, wherein in adtfition 
to aoilton pubes generated ori the longer wavelength side, anti-Stofces pulses are generated on the shorter %vave- 
lengtii aide aa the output pulses. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] 

FIG. lis a schematic diagram of a wavelength-tunable short optical pulse generation apparatus according to a 
first embodiment of the present Invention; 

RG . 2 la a schematic diagram of a wavelength-tunable femtosecond soiiton pulse generation apparatus according 
to a second embodiment of the present Invention; 

RG. 3 is a graph relating to the second embodimantand showing results of measuring a spectrum of soBton pulses 
at the output of an optical fiber; 

RG. 4 is a graph relating to the second embodiment and showing variation in the center vravetength of a spectmm 
of solttDn pulses with the Intensity of light Input to the optical fiber; 

RG. 5 Is a graph relating to the second embodiment and showing the relationship among optical fiber length, 
spedral width, and pulse width; 

RG. 6 Is a graph relating to the second embodiment and showing the relationsMp between fiber iengtii and wave- 
length shift; 

RG. 7 is a schematic diagram of a wavelength-tunable femtosecond soiiton pulse generation apparatus according 
to a third embodiment of the present Invention; 

RG. 8 Is a graph showing the dependency on Input Dght Intensity of the center wavelength of the second hamionlc 
generated by the wavelength-tunable femtosecond soiiton pulse generation apparatus according to the thfrd em- 
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bocfiment of the present invention; 

RG. 9tea schematic diaerem of awide^andfemtosecond-soiHoninjisege^^ 

length conversion thrDugh fburwwBve mbdng.^showing a fourthembodtment of the present invention: 

RG . 1 0 is a graph showing the relattonship between the wavelengths and the fluencies of pump Oght, a soltton 

puie/and an optical pulse generated through the fouruwave mlxing shown in FIG. 9; 

RG.11 IsascheniaticdtaQrBmofawavelengtiMunablefiBnitDseoondsditonpuiaegenerBli^ 

to afifih embodiment offihe present Invention* which utUizas a smalMlamaterpotarization-malntBining optical fiben 

RG . 1 2 is a graph relating to the fifth embodiment and showing the spectnim cf out^ 

conversion; 

RG . 1 3 is a schematic dtagram of b wavelength-tunable femtosecond soiiton pulse generation apparatus according 
1o a sixth embodiment of the present invention, which is provided with a wavelength controllar; and 
RG . 14 is a schematic diagram of a wavelength-tunable femtosecond soIlton pulse generation apparatus aoooniing 
to a seventh embodiment of the present invention, which is provided with a wavelength controller. 

BEST MODE FOR CARRYING OUT THE INVENTION 

[OOiq Embodiments of the present invention will now described in detsfl. 

poll] Riat, a first embodiment of the present invention wOl be described. 

[OOiq RG. 1 is a achennatic diagram of a wavBlength-tunabie short optical pulse generation 

to the first embodiment of the present invention. 

PlOiq In RG. 1 , reference numeral 1 denotes a shorl-opttcal-pulse source; 2 denotes an optical (^laracterlstic reg> 
ulatlon unit for regulating the charadertatics of light output from the short-optical-pulse source 1 ; 3 denotes an optical 
fiber for receiving input pulses from the optical characteitstlc regulation unit 2 and for changing the wavelength of output 
pulses linearly; reference character R denotes a pump putse; end S denotes a soOton puise. 
10014] As shown In RG. 1 , the compact short-optical-pulse source (fiber laser) 1 capable of stably generating fem- 
tosecond optical pulses is used as a pump light source (short-optical-pulse source). TTie optical pulse output Uom the 
short-optlcal-pulse source 1 is passed through the optical charsctertstlc regulation unit 2, so the opUcal pulse Is regu- 
lated to have desired optical charactertadca. Subsequently, the optical pulse is input to the optical fiber 3. When the 
optical fiber 3 is sufftcientty long and the intensify of Input Bght is suffldentty high, a new optical pulse is generated on 
the longer wavelength side with respect to the input pulse, due to stimulated Raman scattering. 
[001 q Due to aelf-phase modulation and soiiton effect, which is the intaraclion of wavelength dispersion, the new 
optical pulse gradually becomes an Ideal soiiton pulse S whose pube and spectral waveforms assume a sech^ shape . 
As the soiiton pulse 8 propegates along the optical fiber 3, the center of the spectrum of the soiiton pulse S shifts 
towart the longer wavelength side, due to the Raman scattering effect This effect is called ■soiiton self frequency shift. 
• Since the degree of frequency shifi changes depending on the length of the optical fiber 3 end the intensity of the 
input optical pulse, the degree of frequency shift can be acQusted through changing the length of the opUcal fiber 3 and 
the Intensity of the Input optical pube. Particularty. the degree of frequency shift can be changed llneaily through 
changing the intensity of the input optical pulse. 

[0010] Next, there will be described a second embodiment in which the above-described wavelength-tunable short 
optical puise generation apparatus is rendered more concrete. 

[0017] RG. 2 is a schematic diagram of a wavelength-tunable femtosecond soUton ptdse generation apparatus ac- 
cording to the second embodiment cf the present invention. 

[OOiq in FIG. 2, refierenoe numeral 11 denotes a femtosecond fiber lasen 12 denotes a l^ht intensity regulation unit 
for regulating the intensity of light output from the fiber laser 11 ; and 13 denotes a polerlzation maintaining optical fiber 
for receiving input pulses fim the light intensity regulation unit arul for changing ttie wavelength of output pulses 
linearly. Reference numeral 14 denotes an optical spectaim analyzer. 16 denotes a pulse-width measurement unit; 
and 16 denotes an optical power meter. These are used to measure output pulses and do not serve as stnjctuial 
elements of tiie present invention. 

[0019] The compact femtosecond fiber laser 11 capable of stably generating femtosecond optical pulses is used as 
a pump light source. The optical pube output from the femtosecond fiber laser 11 is passed through the Hght intensity 
regulation unit 12, so that the optical puise is reguiatod to have e desired Intensity. Subsequently, the optical pulse Is 
input to the poIarization-maintBinlng optical fiber 13. The direction of polarization of the input light is made parallel to 
the birefringent axis of the polarization-maintaining optical fiber 13. When the optical fiber 13 is suffidentiy long and 
the intensity of Input light Is sufficiently high, a new optical pulse b generated on the longer wavelength side with respect 
to the input pube, due to stimulated Raman scattering. 

[902q Due to soiiton effect, which is the intoraction of self-phase modulafion and wavelength disparston. the new 

optical puise gradually becomes an Ided soiiton puise S whose pUbe and spectral wavefonns 

As the soiiton pube S propagates along the optical fiber 13, the center of the spectrum of the sdnon pube S shifis 



rtowBidlhe longerwavelengthelde dueto the Raman scattering effect This effect is called *^Uton self frequency shift. 
" Since the degree of frequency.ehlR changes depemSng on the length of the optical fiber 13 and the intensity of the 
input optical pulse, the degree of frequency.shifl can be adjusted threugh changing the length of the optical fiber 13 
and the Interatty ofthe Input optical pulse. Particulafly, the degree of frequency ahtfl can be changed linearly threugh 
changing the intensity of the input optical pulse. 

[0021] The femtosecond fiber laser 11 used in the present embodment has the following spedficafions. 
(1) Mechanical spacificationa: 



Size 


Laser Itself: 182 x 101 x 57 mm 




Controller 249 x 305 x 72 mm 


Weight 


Laaerlt8elft3.0lqg 
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(2) Electrical spadficattons: 

Powfer consumption (100 V. 0.63 A^: 14 W (average), 22 W (maximum} 

(3) Optical specifications: 

Center wavelength: 1559 nm 
Pulse width: 190 - 760 Is (variable) 

(used at 190 lis in the experiment) 
l^ecuirenoe l^uertcy: 46.9 MHz 
Average output: 11.1 mW (at 760 f^)^.l mW(at 190 fe) 

(used at 36.1 mW in the experiment) 
Durability: Life of semiconductor laser: 2 yeare (r^aoeable) 

[0022] The fiber used In the experiment has the following spedficaUona. 
Core diameter 5.5 ± 0.5 |im 

Optical loss: 2Jd dB/km (for Oght of 1550 nm wavelength) 
Length: 110 m, 75 m, 40 m 

[0023] RG. 3 is a graph reiatlr^ to the second embodiment and showing results of measuring a spectrum of soiiton 
pulses at the output of an optical fiber. In the measurement, optical pulses of 6.1 mW were input to a 75 m optical fiber, 
end the spectrum of generated soiiton pulses was measured. 

[0024] As shown In FIG. 3, the spedrem ofthe pump pulse R input to the optical fiber appeare in the vidnlty of 1556 
nm. The apectnim of the soiiton pulse S appeare in the vidnlty of 1650 nm, which Is greatly shifled toward file longer 
wavelengtti side fhom the wavelength of 1558 nm. Further, as la understood from FIG. 3, the trace of the spectnim 
assumes a neat sech^ shape. The spectrum width Is about 16 nm, and the pulse width is 180 fs. Furiher, even when 
the Intensity of the Input light was increased to thereby shift the spedn/m, the neat sech^-ehaped bace of the spectnim 
was maintained. 

[0025] FIG. 4 Is a graph relating to the second embodiment and showing, for each of 40 m. 75 m, and 110 m optlcai 
fibere, variation in the center wavelength of a spectrum of soiiton pulses with the Intend of Dght Input to the optical fiber. 
[0026] V\menti»inton8ltyofthelnputnghtisrendersdgreaterthan2mW,theoenterwBveiengthofthes^^^ 
increases lineariy. The rate of shift of wavelength increases with fiber length. A maximum spectrum shift of about 150 
nm (center wavelength: 1710 nm) was observed In the case ofthe 110 m fiber and In the caseof the 75 m fiber. Further, 
througri an increase in the Intensity of the Input Dght and an incraase In the fiber length, the wavelength of the sditon 
pulse can be shifted up to about 2 ;im. 

[0027] As is understood from the above description fbrthe wavelangth-tunabie fsmtoseoond soiiton pulse generation 
epparatus (see FIG. 2), since the apparatus consists of a oompad fiber laser end an optical fiber having a length of e 
few tens to a few hundreds of meters, the overall apparatus Is very compad and portable. That is, through lntegr«tlori 
ofthe optical fiber with the fiber laser, a portable optical pulse generator can be realized. Further, the wavelength of 
the soiiton pulse can be varied lineariy through a simple operation of changing the Input Dght Intenslty. 
[0028] RG. 5 is a graph relating to the second embodiment end showing the relationship among optical fiber length, 
spectral width, and pulse width. 

[0029] As Is apparent fiomFlQ.S.therels observed a trend such that as the optical fiber length Increases, the pulse 
width decreases and the pulse width Increases. When the optical fiber length is varied within the range of 40 to 110 
m, the spectral width changes from 15 to 16 nm, and the pulse width changes from 155 to 195 fs. Therefore, the pulse 



viMth end spedreJ width of the sollton pulse oan be varied threugh changing the length oF the opticat fiber used in the 
wavelength-tunable short optical pulse generation apparatus (see TIG.'2). 

tmsa HG. 6 Is a graph relaflng to tha-second embodiment and showlng the relationship bstween fiber length and 
wavelength shift. 

IP031] Aa Is apparent from FIG. 6, the degree of^shlft In wavelength increaaes monotonously as the optical fiber 
length Increases. This is because the wavelength shlftB toward the longer wavelength side at an increating rate, due 
to solfton self frequency shift as the optical pidsa propagates along the optical fiber. As described above, the wavelength 
of the soflton pulse can be varied through changlr^ the length of the optical fiber. 
[0032] Next a third embodiment of the present Invention will be described. 
10 [9033] RG. 7 Is e schematic diagram of a wavelength-tunable ferntosecorid sdlton pulse ger^erationappa 

cording to the third emtxxDment of the present invention. Components wtiich are the same as those in RG. 2 are 
denoted by the same reference numerals, and repetition of their descriptions Is omitted. 

[0034] There wfll now be described an experiment In which the output light of the wavelength-tunable tbmtosecond 
soiiton pube generation apparatus described In the second embodiment is passed through a nonlinear crystal 21 to 

IS thereby generate a second hamionic short pulse D of the sditon pulse. 

[9035] Since the optical pulse generated et the wavelength-tunable femtosecond soiiton pulse generation apparatos 
has a peak power of a few hundreds of W, as shown In FIQ. 7. the second harmonic short pulse D can be generated 
through use of the nonlinear crystal 21. When output light from the polarizatton maintaining optical fiber 13 Is input to 
the nonlinear crystal 21 such as a KTP and the angle of the crystal Is properiy adjusted, short optical pulses having a 

20 wavelength of 760 to 1000 nm can be generated from soOton pulses 8 having a wavelength of 1550 to 2000 nm. Upon 
changing the wavaiength of the soDton pulse S, the wavelsffigth of the second harmonic putee D can be changed 
accordingly. 

[003q RG. 6 Is a graph showing, for each of the40 m, 76 m, and 110 m optical fibers, the dependency on Input Oght 
intensity of the center wavelength of the second hamionic pulse generated by the wavelength^unable femtosecond 

25 soiiton puise generation epparatus according to the third embodiment of the present invention. 

[0037] Since the wavelength of the soiiton pulse varies Unearty through changing the Input Dght Intenaity, the wave- 
length of the second harmonic short pulse shifla llnearty. The greater the Input light Intensity, the greater the rate of 
shift, and the greater the optical fiber length, the greater the rate of shift. 
[9038] Next, a fiourth embodiment of the present Invention will be described. 

30 [9038] RG. 8 Is a schematic diagram of a wide-band fsmtosecond-solitorvpul&e generation apparatus which efleds 
wavetength conversten through four^wave mbdng, showing the fourth embodiment of the present invention. 
[0040] As shown in RG. 9, In addition to pump pulses from the light intensity regulation unit 12, pump laser light 
output from a pump semiconductor laser (pump LD) 31 end having a drfferent wavelength is input to an optical fiber 
33 via a coupler 32. which assumes the form of, for example, a fiber coupler. 

39 [0041] As described above, each pump pulse R causes generation of a soiiton puise S on the longer wavelength 
side. This soflton puise S and the pump laser light output from the pump laser (femtosecond fiber laser) 11 undergo 
four-wave mbdng, so that a new optical putse Is generated at a frequency equal to the difference between the firequency 
of the soiiton pulse S and that of the pump laser light, as well as at a frequency equal to the sum of the frequency of 
the soiiton pulse S and that of the pump laser light. Optical pulses can be generated within the range of. for example. 

^ 1230 to 1550 nm through changing the wavelengths of the soiiton pulse and the pump laser light 

[904Q RG. 10 is a graph showing the relationship between the waveler^glhs and the frequencies of the pump light, 
the soiiton pulse, and the optical pulse generated through the four-wave mixing. 

[0043] in the four-wave mixing, due to bitaredion of the light from the pump LD 31 and the soDton pulse, a new 
optical pulse is generated on both the shorter wavetength side and the longer vraveienglh side. When the frequency 
45 of the light from the pump LD 31 is represented by cdO and the frequency of the soflton pulse Is represented by cd1 . the 
frequencies of the generated optical pulses can be represented by 2aO - (d1 and 2{d1 - cbO, respectively. Since the 
efficiency of conversion to the longer wavelength side is expected to be low due to the characteristics of the optical 
fiber, attention Is paid to the optical pulse generated on the shorter wavetength side. 

[0044] Since the wavelength of the soiiton pulse S can be varied within the range of 1580 to 2000 nm, when the 
so wavelength of the light from the pump LD 31 Is set to 1550 nm, the waveler^ of the shorter wavelength puise T 
generated on the shorter wavelength side can be varied within the range of 1230 to 1540 nm. Since the wavelength 
of the soiiton pulse S varies lineariy with the Intensity of input light, the wavelength of the output putee obteined from 
four-wave mbdng ateo varies lineariy. Accordingly, the wavetength of the output putee can be varied by the input light 
Intensity. 

6s [0045] ^text, a fifth entbodlnwnt of the present Invention %vlli be described. 

[9046] RG. 11 is B schematic diagram of a wavelength-tunable femtosecond soiiton puise generation apparatus 
aocording to the fifth embodiment of the present invention, which utilizes an optical fiber. 

[0047] In FIG. 11 , reference numeral 41 denotes a fsmtosecond fiber laser; 42 denotes a Dght intensity regulation 
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.unftfbr reguistino Ihe Intensity of light output from the fiber Ias8r41; and 43 denotes an optical fiber for receiving input 
pulses from the light intensity regulation unit 42 end for changing the wavelength of output putsee linearfy. f^eferenoe 
chaiBcter R denotes a pump pulse; 8 denotes a soUton pulse (a Stokes pulse); and H denotes an anti-Stokas pulse. 
(004q In the present Invention, as shown In FIG. 12. the antKStolm pulse H Is geneiBtBd on the shorter wavelength 
sUe, in addition to the aoliton pulse S which Is generated on the longer waveler^ side as in ihe wavelength-tunable 
famtoseoond sollton pulse generation apparatus according to the second embodiment The wavelength of the antl- 
Stokes pulse H shifts toward the shorter wavelength side, which is a>ntr^ pulse S. When 

the wavelength ortheaoDton piilse shifts 1^ 1660 nm to 2000 nm, the %vavalength of the antl-Stokes putse H shifts 
from 1680 nm to 1280 nra Combined use of the soQton pulse S and the anU-Stokes pulse H enables realization of an 
10 optical pulse souroe capable of generating wavelength-tunabia optical pulses within a wide range of 1280 to 2000 nm. 
[0048[] Next a sixth embodiment of the present invention wiD be described. 

[0050] FIG. 13 is a schematic dlaoram of a wavelength-tunable femtosecond soliton puise generation apparatus 

according to the sbdh embodiment of the present Inventbn, which Is provided with a waveter^ controller. 

[0081] In RG. 13, reflBrence numeral 61 denotes a fisrntosecond fiber laser; 52 denotes a light intensity regulation 

IS unit ioT ragulating the intensity of light output from the fiber laser 51 ; S3 denotes an optical branching unit; 54 denotes 
a light reception unit; 55 denotes e controller; and 58 denotes a polarlzation-mdntBlning optical fiber for leoehring Input 
pulsesf^om the optical branching unit 63 and fbrchanging the wavelength of output pulses Onearty. Referenoe character 
R denotes a pump pulse; and S denotes a sollton pulae (Stokes pulse). Reference numeral 14 denotes an optical 
spectnim analyzer; 1 6 denotes a pube-wldth measurement unit; and 18 denotes an optical power meter. These are 

so used to measure output pulses and do not serve as stnidural elements of the present invention. 

19052] The present embodiment Is a modlflcatksn of the wavelength-tunable femtosecond soliton puise generation 
apparatus of the second embodiment (see FIG. 2). The optical branching unit 53 branches a portion of output light 
output ftom the light intensity regulation unit 52 in order to enable the tight reception unit 54 to monitor the intensity of 
the output tight on the basis of which the controlier 55 adjusts the emount of transmitted light to a desired level to 

25 thereby stak>iyoontrol the wavelength of the pulse output from the fiber 56. 
[0083] Next a seven embodiment of the present invention will be described. 

[0054] RG. 14 is a schen^ diagram of a wavelength-tunable femtosecond soliton pulse generatton apparatus 
according to the seventh embodiment of the present invention, which is provided with a wavelength controller. 
[0055] In RG. 14, rsferenoe numeral 61 denotes a famtoseoond fiber leser; 62 denotes a Gght Intensity regulation 

30 unit for ragulating the Intensity of light output from the fiber laser 61 ; 63 denotes an optical branching unit; 64 denotes 
a light recaption unit; 65 denotes a controller; 66 denotes an oscOiator; and 67 denotes a polarization-malntalnfrig 
opttoal fiber for receh^ng input pulses ftam the optical branching unit 63 and fbr changing the wavelength of output 
pulses linaeiiy. Refisrence character R denotes e pump pulse; and S denotes e soliton pulse (Stokes putee). Referenoe 
numeral 14 denotes en optical spectrum analyzer; 15 denotes a pulse^dth measurement unit; and 16 denotes en 

3S optical power meter. TTiese are used to measure output pulses and do not serve as structural elements of the present 
invention. 

[0056] The present embodiment \s a mocfificatton of the wavelength-tunable femtosecond soliton puise generation 
apparatus of the second embodiment (see RG. 2). The wavelength of the soliton pulse S can be changed periodically 
through modulating operation of the light intensity regulation unit 62 at an arbitrary frequency. The modulation operatbn 
^ of the light intensity reguiatton unit 62 enables realization of a soliton pulse generator having a wavelength scan function. 
[0057] Next an eighth embodiment of the present Invention wfli be described. 

[OOSq In the eighth embocSment, the wavelength-tunable femtoeecond soliton pulse genaratkvi apparatus of the 
second embodiment (see RG. 2) la modified such that the pulse end spectral widths of the optical pulse output from 
the femtosecond fiber laser can be adjusted in order to vary the puise and spectral wklths of the generated soliton 
^ pulse. A pulse having a narrow spectral width Is important in measurement in which wavelength separation is required. 
[0059] r4ext a ninth embodiment of the present invention will be described. 

[0080] In the ninth emtx}dimant the wavelength-tunable femtosecond soliton puise generation apparatus of any of 
the second through fourth emtxjdiments Is modified such that a nonlinear emplifier such as a Raman optical amplifier 
is disposed at ttie output of the apparatus. In this case, a short optical puise can be amplified without broadening the 
50 pulse width. Use of this technique enables amplilicatlon of a soliton puise having a certain wavelength to an arbitrary 
level without broadening the puise width. 

[0081] Although a femtosecond fiber laser is used as a short-optical-pulse source, needless to say, the present 
Invention can be applied to cases in which a picosecond fiber laser is used as a short-optical-pulse source. When a 
picosecond fiber laser is used, the following advantageous efibcis can be obtained. 
ss [Q08Z] When an optical fiber la excited by picoaeoond pulses, the degree of ahtn In wavelength with change in input 
llgiit intensity Is smalierthan that in the case of femtosecond pulses, which enables precise tuning of wavelength. Such 
precise tuning of the wavalerigth of optical pulses is useful In the case In which precise wavelength adjustment Is 
needed in appllcafions such as spectroscopy and evaluation of devices fbr wavelength multiplm optical communica- 
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tions. 

[008^ ThopiBsent invention piuvidesthefoliowinoieff^^ 

(1) A compact liber laser capable of oeneroting femtosecond pulses Is used as a light source; and a nonlinear 
^fect of a polarization-maintaining fiber b ufilized. TherBlbre, voveterrgth can be varied Onearty through a simple 
operation of changing the Intensity of pump light. Further. a compact, portable source Ibr generating femtosecond 
pulses can be obtained. 

(2) A compact fiber laser capable of generating stable fMrtoseoond pulses Is used aa a light souroe; and a polar- 
ization-maintaining optical fiber having a length of a few tens to a faw hundreds of nteters and a small core crxsss 
section Is provided in combination with a light intendty regulation unit capable of changing light Intensity continu- 
ously. Therefore, It is possible to obtain a portable optical puise generator which can generate ideal femtosecond 
solHon pulses and which can vary the wavelength of the soiiton pulses Dneariy within a broad band, through a 
simple operation of changing the light Intensity. 

(3) Ideal femtosecond soiiton pulses can be generated stably. Further, the wavelength of the optical pulses can 
be varied lineariy within a broad band, through a simple operalbn of changing the Intensity of Dght Input to the 
optical fiber, without necessity of adjustment of the optical system as In the prior art techniques. Morsover, since 
the overall apparatus Is very small, the apparatus is rendered portable. In addition, the apparatus is neariy main- 
tsnanoeftee. 

IfiOMl Concehrably, the apparatus and method for generating wavelength-tunable short optical pulses of the present 
Invention can be applied to a measurement apparatus tor measuring the frequency characteristics and wavelength 
dependency of opticai devioes for wavelength multiplex communications. 

[0085] Recently, with Increased emphasis on Infomnation technology throughout sodsty, an optical communication 
technique which can further increase the volume of transmission data has been demanded, in order to incieese the 
voiume of transmission data, techniques for increasing the speed of optical communications and muKiptexing the wave- 
lengths of light to be transmitted have been studied and developed. Under such drcumstanoes, proper evaluation of 
characteristics of optical devices used In optical communication is Indispensable. Parflcuiariy. the l^quency charac- 
teristics and wavelength dependencies of light-emitting elements, optical modulators, and light-receiving elements are 
fundamental characteristics which detsmiine the characteristics of a system. Hlowever, due to an Increase in operating 
speed and a broadened operation band, evaluation of characteristics has become difficult, 
[pooq The present Invention enables evaluation of the wavelength dependency of an element over a wide band. 
Further, through measurement of a time response upon Input of a tismtosecond pulse, the frequency characteristic of 
an element can be determined. The importance of these techniques increases constderably with further increases in 
speed and bandwidth of wavelength multiplex communications. 

[0087] Moreover, the waveler^th-tunabie short-optlcal-pulse generation apparatus of the present invention is com- 
pact and stable and can vary the wavelength of generated soiiton pulses by charging the Intensity of Input light Due 
to these advantages, the present invention is considered to be widely used in relation to highspeed spectix}scopy and 
e high-spaed light response technique In the fields of photocherrdstry and biology, as well as in the fields of high-speed 
optoelectronics and nonlinear optics. 

[0088] The present Invention is not limited to the above-described embodiments. Numerous modifications and var- 
iations of the present invention are possible in light of the spirit of the present Invention, and they are not excluded 
from the scope of the present invention. 

[OOOq The present invention provides the following advantageous effiBds. 

(A) When the optical fiber Is sumdently long and the intensity of input light Is suffidently high, a new optical pulse 
Is generated on the tonger wavelength side with respect to the input pulse, due to stimulated Raman scattering. 
Due to soiiton effed, which is the interaction of Mlf-phase modulation and wavelength dispersion, the new optical 
puise gradually becomes an Ideal soDton pulse whose pulse and spectrum wavefbmis assume a sed^ ^ape. As 
the soGton pulse propagates along the optical fiber, the center of the spectrum of the soiiton pulse shifts toward 
the longer wavelength side, due to the Raman scattering effect (this effect is called soiiton self frequency shift). 
Since the degree of frequency shift changes depending on the length of the optical liber end the intensity of the 
input optical pulse, the degree of frequency shift can be adjusted through changing the length of the optical fiber 
end the intensity of the input optical pulse. Particularly, the degree of frequency shift can be changed lineariy 
through changing the Intensity of the input optical pulse. 

(B) A compact fiber laser capabte of generating f^osecond pulses la used as a light source; and a nonlinear 
effed of a poiartzation-maintdning fiber is utilteed. Therefore, wavelength can be varied linearly through a simple 
operation of changing the Intensity of pump light. Further, a compad, portable souroe for generating fismlosecond 
pulses can be obtained. 
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(C) A oompact fiber laser capable of generating etabis femtosecond pulses ts used as a light source; and a polar- 
Izatbfwnalntainlng optical fiber having a length of a few tens to a few hundreds of metera and a small com cross 
section is provided in comUnalion with a light Intensity legulation unit capabte of changing light Intenstty continu- 
ously. Therefore, It Is possible to obtain a portable optical putse generetorwhich can generate Ideal fismtosecond 
soltton pulsas and which can vary the wavelength of the soliton pulses Dnearty within a broad band, through a 
simpie operation of changing the light intensity. 

(D) Ideal famtoeeoond solitDn pulses can be generated stably. Further, the wavelength of the optical pulses can 
be varied linearly wttMn a broad band, through a single operation of changing the intensity of light input to the 
optical fiber, without necessity of adjustment of the optical system. Moreover, the entire apparatus can be made 
very small. In additbn, the apparatus Is nearly maintenance free. 

(E) The wavelength of femtosecond soliton pulses can be varied within the range of i560 to 1701 nm. Further, 
through optimization of the experimental systsm, the wavelength can be varied up to about 2000 nm. 

(F) When output llgm f^ the wavelength-tunaNe femtosecond soliton pulse generator Is passed thrxMjgh a non- 
linear crystal, short optical pulm of the second ^mmlonic can be obtained. The wavelength of the short optical 
pulses can be varied lineariy wHhIn the renge of 780 to 1000 nm by changing the wavelength of the generated 
soliton pulses within the range of 1550 to 2000 nm. 

(Q) When an optical fiber is excited by picosecond pulses aoniding to the prasent Invention, precise wavelength 
tuning becomes possible, because the degree of shift in wavelength with change In Irqujt Dght intensity is amaller 
than that In the case of femtosecond pidsea. Such precise tuning of the wavelengtii of optical pulses is useliil in 
the case in which precise wavelength a^ustment is needed In applications such as specfaoscopy and evaluation 
of devices for wavelength multiplex optlwl communications. 

(H) When, In addition to Input pulses firom a laser, laser light having a different wavelength is input to an optical 
fiber, due to fbur-wave mbdng In the optical fiber, a new optical pulse Is generated on the shorter wavelength side 
and the longer wavelength side. That Is, the new optical pulse is generated at a frequency equal to the difference 
between the frequency of the soliton pulse and tM of the laser light, as well as at a frequency equal to the sum 
of the frequency of the soliton pulse and that of the laser Dght. Optical pulses can be generated within the range 
of, for example, 1230 to 1550 nm through changing the wavelengths of the soltton pulse and the pump laser light. 
Further, use of antl-Stokes pulses generated on the shorter wavelength side enables generation of short optical 
pulses within a wide ranga 

(I) Soliton puisea generated within an optical fiber can be amplified by use of an optical-fiber Raman amplification 
rifsct without broadening the pulse width. 

INDUSTRIAL APPLICABIUTf 

[OOTir] The apparatus arui method fbr generating wavelength-tunable short optical pulses according to the present 
invention can be widely used in relation to high-speed spectroscopy and a high-speed light response technique in the 
fields of photochemistry and biology, as well as In the fields of highspeed optoelectronics and nonlinear optics. 



Claims 

1. An apparatus for generating wavelength^unable short optical pulses, the apparatus charederi^ by comprising: 

(a) a ahort-optical-puise source; 

(b) an optical characteristic regulation unit fbr regulating characteristics of tight output from the short-optical- 
pulae source; and 

(c) an optical fiber for receiving Input pulses from the optical characteristic regulation unit and fbr changing 
the wavelength of output pulses linearly 

2. An apparatus fbr generating waveiength4unable short optical pulses accordlr^ to claim 1. wherein the optical 
chaiBcteristic regulation unit Is a light intensity regulation unit. 

3. An apparatus for generatir^ wavelength-turtle short optical pulses according to dalm 1 , wherein the short-op- 
tical-puise source Is a femtosecond fiber laser. 

4. An epperatus for generating wavelengtii-tunable short optical pulses aocordhg to claim 1 , wherein the short-op- 
tlcal-pulse sounce is a picoseoond fiber laser. 
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5. An apparatus tor sanaratinB wavaiengtMunablashort opttesi puises acoonjing to dabn 1 . wherein lha opiicel fiber 
is a potarizatiorwnaintBtnlng fiber. 

6. An apparatus for generating wavalength-lunable short optlcai pulses according to datm 1, further comprising a 
nonfinaar crystal oonnectad to the optical fiber in order to generate short optical pulsea of a different wavelength. 

7. An apparatus for generating wavalengtMunable short optical pulses acoording to daim 1 . further oomprislrig four- 
wave mbdng meana for farther converting the wavelength of generated optical pulses. 

8. An apparatus for generating wavelength-tunable short opficat pulses according to datm 1 , further comprising an 
optical ampOfier for empilfyirTo optical pulses generated by the optical fiber. 

9. An apparatus for generating wavelength-tunable short optical pulses according to daim 1. wherein the output 
pulses are ideal aoDton pulses. 

10. An apparatus for generating wavelength-tunable short optica! pulses according to daim 2, forther comprising 
means for electrically adjusting the light Intensity regulation unit in order to control the wavelength of generated 
optical pulses. 

1 1 . An apparatus for generating waveiength^unabte short optical pulses, the epparatos cheradartzed by comprising: 

(a) a short-optical-pulse source; 

(b) a light Intensity regulation unit for regulating the Intend of light output irom the short-optical-pulse source; 
and 

(c) an optical liber for receiving input pulses from the light intensity regutaffon unit and for changing the wave- 
length of output pulses Dnearfy, wherein 

(d) the tfiort-optlcal-pulse souroOp the Dght intensity regulation umt, and the optical fiber are assembled in the 
form of a portakde apparatus. 

1Z An apparatus for generating wavelength4unabla short optical pulses according to claim 11. wherein the short- 
optlcaHudae source Is a fsnitosecond fiber laser. 

13. An apparatos for generating wavelength-tunable short optical pulses acoording to claim 11, wherein the short- 
opticd-pulse source is a picosecond fiber ieser. 

14. A method for generating wavelength-tunable short optical pulses, the method characterized by comprfeing: regu- 
lating the intensity of light ttom a short-optical-pulse source; and inputting short puises into an optical fiber In order 
to generate output pulses having a lineariy varied wavelength. 

15. A method for generating wavelength-tunable short optical pulses according to claim 14, wherein the wavelength 
of generated output pulses Is changed through a change in the length of the optical fiber. 

16. Amethodfbrgenerafing wavelength-tunable short optlcai puises aooordlngtoclaim 14, wherein tha output puises 
are passed through a nonlinear crystal In order to generate short optical pulses of a (fiflerent wavelength. 

17. A method fbr generating wavelength-tunable short optical pulses according to daim 14, wherein the wavelength 
of generated optical pulses Is further converted by means of four-wave mixing. 

IB. A method fbr generating wavelength-tunable short optical pubes according to daim 14, wherein optical pulses 
generated by the optical fiber are amptlfied by use of an optical amplifier. 

19. Amethod for generating wavelength-tunable short optical pulses according to daim 14, wherein ideal soliton pulses 
are generated as the output pidses. 

20. A method fbr generating wavelengfh-tunabte short optical pulses according to daim 14, wherein the light intensity 
regulation unit is edjusted electriceliy In order to control the wavelength of generated opticel pulses. 

21. A m^hod fbr generating wavetength-tunable short optical puises acoortOng to claim 14, wherein the pulse width, 
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spsdml wid1h;Bnd center wavelenoth of the soQton pulses are varied through changing Ihe wsvefbmi and spectral 
width of the Input pulses. 

22. A method for generating wavelength-tunable short optical pulses according to dalm 14, wheretn the wavelength 
and spectrum of the eoSton pulses are varied through changing the direction of polarization of the input pulses. 

23. A method for generating wsvalength-tunable short optical pulses acoordng to claim 14, wherein In addition to 
sonton pulses generated on Ihe longer wavelength side, anti-Stokes pulses are generated on the shorter wave- 
length aide 88 the output pulses. 
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